study question: Does the application of three different artificial activating stimuli lead to a difference in pre-and post-implantation embryo development in the wobbler mouse, a mouse model with oocyte activation deficient round-headed sperm cells similar to human globozoospermia? summary answer: No gross differences were found between strontium chloride, electrical pulses or ionomycin with respect to the pre-and post-implantation development in the wobbler mouse.
rates in favor of strontium chloride and electrical pulses. The weight of the male pups did not differ between the study groups, whereas the weight of the female pups originating from Wob-Sr embryos was significantly lower at weeks 2, 3 and 4 when compared with female pups originating from WT embryos. However, the latter difference was not observed at later time points, nor in the other artificial activating groups. All offspring mated successfully with fertile controls.
Introduction
Intra-cytoplasmic sperm injection (ICSI), a technique by which a single spermatozoon is injected into an oocyte by micromanipulation, is typically used in cases of severe male factor infertility (Palermo et al., 1992) . Since the early 90s, many couples have been able to conceive by this technique. The outcome of ICSI is usually rewarding, with fertilization rates around 70-80% and clinical pregnancy rates up to 45% (Palermo et al., 2009) . Nevertheless, fertilization failure following ICSI still occurs in 1-3% of the ICSI cycles (Flaherty et al., 1998; Esfandiari et al., 2005) .
A deficiency in the oocyte activation mechanism has been regarded as the principal cause of fertilization failure after human ICSI (Flaherty et al., 1998; Rawe et al., 2000) . Oocyte activation typically occurs immediately following sperm -oocyte fusion and starts with the release of the mature oocyte from its metaphase II (MII) arrest, allowing the resumption of the cell cycle and embryogenesis. At the same time, several biochemical and morphological events occur such as cortical granule exocytosis, extrusion of the second polar body, initiation of DNA replication and protein synthesis (Horner and Wolfner, 2008) . There is now a general consensus that the master key to initiate these cytological changes in fertilized oocytes is a series of intracellular calcium rises in the oocyte that start shortly following sperm -oocyte fusion (Miyazaki and Ito, 2006) . Despite recent conflicting data, the sperm factor phospholipase C zeta (PLCz) is considered to be the physiological agent responsible for these calcium oscillations (Kashir et al., 2010; Aarabi et al., 2012) .
Mammalian MII oocytes such as murine, rat, rabbit, bovine, porcine and human oocytes can be activated artificially by mimicking as closely as possible the calcium oscillations induced during natural fertilization. Artificial activation can be used to obtain parthenogenetic mammalian embryos that could serve as a model to study the biochemical and morphological events during early embryogenesis (Paffoni et al., 2008) . Also, following somatic cell nuclear transfer (SCNT), artificial activation is one of the crucial steps involved in cloning (Campbell et al., 2005) . A variety of artificial activating methods is used, including mechanical, physical or chemical stimuli that provoke one or more calcium rises in the oocyte cytoplasm (Kashir et al., 2010) . In the mouse, strontium chloride, which is able to induce repetitive calcium rises, is most commonly used as activating agent and it has been reported to be very efficient in both mouse parthenogenesis and SCNT (Bos-Mikich et al., 1995; Ma et al., 2005) . However, the efficient use of strontium chloride as an activating agent for human oocytes is still under debate (Rogers et al., 2004; Kashir et al., 2010) . Versieren et al. (2010) showed that artificial activation by electrical pulses combined with 6-dimethyl aminopurine are as effective as strontium chloride to obtain mouse parthenogenetic activation and embryo development, whereas activation using the calcium ionophore ionomycin resulted in lower blastocyst rates. The same authors also demonstrated in human oocytes that electrical activation was superior above chemical activation by ionomycin in terms of activation and cleavage potential.
In general, artificial activation of human oocytes is not easily accomplished, and it has been mainly investigated in the scope of overcoming failed ICSI in human artificial reproductive technology (ART) clinics (Rybouchkin et al., 1997) . Until now, failed or low fertilization following conventional human ICSI has been successfully overcome by assisted oocyte activation (AOA) using a range of artificial activating methods. Mechanical AOA in the human can be obtained by disruption of the plasma membrane by vigorous aspiration during a modified ICSI procedure to generate calcium influx (Tesarik et al., 2002; Ebner et al., 2004) . Furthermore, calcium can be injected directly into the oocyte cytoplasm during ICSI (Rybouchkin et al., 1997) . A typical physical stimulus used for human AOA is electrical activation that induces calcium influx via the formation of pores in the plasma membrane (Yanagida et al., 1999; Egashira et al., 2009) . Finally, chemical activation, which is most commonly used for human AOA, is induced by the exposure of the human oocyte to strontium chloride or calcium ionophores such as ionomycin or A23187 (Yanagida et al., 2006; Heindryckx et al., 2008; Kyono et al., 2008; Montag et al., 2012) .
Published data regarding AOA in human ART are often case reports or refer to small groups of patients. Also, the reported fertilization and pregnancy rates are variable. This could be due to differences in patient baseline characteristics, low number of included cases or, most probably, due to the different efficiency of the used activating agents. No direct comparison has been performed yet in terms of their efficiency and safety. Therefore, a mouse model with activationdeficient sperm would be of great clinical interest to study the effect of Comparison of three artificial activation stimuli different artificial activating stimuli. We propose the wobbler mouse that suffers from a motor neuron disease caused by a naturally occurring mutation and that has been reported to be infertile (Duchen and Strich, 1968) . The morphology of the spermatozoa from these mice is similar to the round-headed spermatozoa seen in men with globozoospermia (Heimann et al., 1991) (Fig. 1) . Moreover, the PLCz expression and localization in the wobbler sperm are abnormal when compared with wild-type (WT) sperm (Heytens et al., 2010) .
Given that intracellular calcium oscillations play a pivotal role in oocyte activation and the subsequent biological events of the fertilization process, we used this mouse model to study the calcium oscillations following ICSI using activation-deficient wobbler sperm and compared these with the calcium oscillations provoked by WT sperm. The main goal of this study was to compare three artificial oocyte activating agents in the wobbler model: (i) strontium chloride, (ii) electrical pulses and (iii) ionomycin. Preimplantation as well as postimplantation mouse embryo development was examined. Finally, the obtained pups were followed up until 8 weeks of age and then mated with fertile controls to assess their fertility. All three activating agents have been used in human ICSI successfully; however, their efficiency and safety have not been assessed yet. Therefore, the comparison of post-implantation development is highly relevant for the clinical application of AOA in human ART.
Materials and Methods
Unless otherwise stated, all chemicals were purchased from Sigma Chemicals (Bornem, Belgium). All procedures involving live animal handling and euthanasia were approved by the Ghent University Hospital Ethical Committee for Laboratory Animals (EC number 09/15).
Mouse oocyte collection
Metaphase II (MII) mouse oocytes were collected from 6 to 10 weeks old B6D2F1 hybrid female mice after ovulation induction by intra-peritoneal injection of 10 IU pregnant mare serum gonadotrophin (Folligonw, Intervet, Boxmeer, The Netherlands), followed 46-48 h later by 10 IU human chorionic gonadotrophin (hCG, Chorulonw, Intervet) . MII oocytes were collected 14 h following hCG administration and freed from cumulus cells by a brief exposure to 200 IU/ml hyaluronidase. For each experiment, the oocytes from two to four superovulated mice were pooled. Culture and manipulation media were protein-free potassium simplex optimized medium (KSOM) and HEPES buffered KSOM (KSOM-HEPES), respectively, supplemented with 0.4% bovine serum albuminw (Calbiochem, Bierges, Belgium). Eventually, the oocytes were put in KSOM for culture at 378C under 6% CO 2 and 5% O 2 until further manipulations.
Mouse sperm handling
To prepare the cryopreservation solution (CPS), 3.6 g raffinose and 0.6 g skimmed milk were dissolved in 20 ml distilled water at 608C and centrifuged at 10 000g for 15 min at room temperature. Next, the supernatant was filtered with a 0.22-mm filter. Three male wobbler (C57BL/6J-wr) and three WT mice (C57BL/6J) were sacrificed by cervical dislocation, and the caudae epididymides were removed aseptically and placed into 250 ml of CPS. Using a pair of watchmakers #5 forceps and micro-spring scissors, the epididymides were minced, and the spermatozoa were dispersed in CPS by shaking the dish for about 2 -5 min. Thereafter, 10 ml of the sperm suspension was aspirated in each cryo straw and samples were put into a freezing box approximately 9 cm above the liquid nitrogen (LN 2 ) for 10 min. Finally, straws were placed in the LN2 and stored at 21968C. Straws were thawed by putting them for 15 min at room temperature. The thawed sperm suspension was put in a culture dish in 200 ml of culture medium covered by mineral oil, to let the sperm swim out. The percentage of progressive motile spermatozoa was 80% before freezing, whereas this was reduced to 60% post-thawing, which was more than sufficient to perform mouse ICSI.
Mouse ICSI and AOA
The oocytes were put in an ICSI dish in KSOM-HEPES supplemented with 20% fetal bovine serum (Gibco BRL, Invitrogen, Belgium) and cooled down for 10 min at room temperature and another 10 min on a cooled stage (15-178C) before starting piezo-driven ICSI. Frozen thawed wobbler or WT sperm heads were mechanically isolated from their tails and subsequently injected into the mouse B6D2F1 MII oocytes. After ICSI, the injected oocytes were left on the cooled stage for 10 min before returning them to room temperature for another 10 min. Finally, they were put back into the incubator. Cooling to 15 -178C before, during and after, piezo ICSI was done to enhance the survival rate of the injected oocytes. Following wobbler ICSI, three different artificial agents were compared in terms of activation potential and their capacity to support preimplantation development: (i) chemical activation using Ionomycin (10 mM Ionomycin dissolved in KSOM, 10 min exposure time, Wob-I), (ii) electrical activation using two direct current pulses (100 ms interval, 80 V, 35 ms, Wob-E) and (iii) chemical activation using SrCl 2 dissolved in calcium-free KSOM (10 mM SrCl 2 dissolved in calcium-free KSOM, 4 h exposure time, Wob-Sr). AOA was performed an average of 30 min after ICSI. During chemical activation by ionomycin or SrCl 2 , oocytes were kept incubated in KSOM and calcium-free KSOM, respectively, at 378C under 6% CO 2 and 5% O 2 . After chemical activation, oocytes were washed in KSOM and left in KSOM during further culture. Electrical activation was performed in KSOM-HEPES medium at a heated stage (378C). Thereafter, oocytes were washed in KSOM and also left in KSOM for further culture. Two-cell formation was evaluated 24 h post-ICSI, whereas the blastocyst formation was evaluated 120 h post-hCG.
Calcium oscillation pattern analysis
MII mouse oocytes were loaded with the Ca 2+ -sensitive fluorescent dye fura-2 acetoxymethyl ester (fura-2 AM, cat.no. F1201, Invitrogen, Merelbeke, Belgium) by incubating them in KSOM-HEPES containing 7.5 mM fura-2 AM for 20 min at 378C and 10 min at room temperature. After washing, the oocytes were put in an ICSI dish in KSOM-HEPES supplemented with 20% fetal bovine serum. The oocytes were cooled down for 10 min on a cooled stage (15 -178C) before starting piezo-driven ICSI. The calcium pattern following ICSI with wobbler sperm was compared with the pattern following injection of WT sperm (positive control). As negative controls, oocytes were sham injected with KSOM-HEPES medium followed by calcium imaging and also a medium control group was included. Immediately after ICSI, the oocytes were put in a microdrop of KSOM-HEPES covered with mineral oil on a 35-mm diameter glass bottom dish (MatTek corp., cat.no. P35G-0-14-C, Ashland, USA).
Imaging was performed on a heated stage (378C) on an inverted epifluorescence microscope (Nikon Eclipse TE 300, Analis Ghent, Belgium) with a ×20 objective and a filter switch (Lambda DG-4 filter switch, Sutter Instrument Company, Novato, CA, USA) providing excitation alternating between 340 and 380 nm for fura-2 AM. On average, groups of 5 -10 oocytes were measured simultaneously, and imaging started within 5 -10 min after the end of ICSI. Images were acquired every 5 s over a time period of 2 h making use of an electron multiplying CCD camera (Quantem 512SC, Photometrics, Tucson, AZ, USA). Ratio images were generated off-line with custom developed software written in Microsoft Visual C++ 6.0, after standard background and shade correction procedures. The intracellular calcium levels were recorded in terms of the ratio of fluorescence (340 and 380 nm) that rises with increasing intracellular calcium concentration.
In vitro preimplantation development and differential staining of blastocysts
Embryos were cultured in sequential media KSOM/Cook Blastocyst (Cook Ireland Ltd, Limerick, Ireland) until day 5, followed by differential staining for inner cell mass (ICM) and trophectoderm (TE) to assess the blastocyst quality (Thouas et al., 2001) . First, the blastocysts were incubated in 500 ml HEPES-buffered human tubal fluid medium (Lonza, Verviers, Belgium) supplemented with 1% Triton X-100 and 100 mg/ml propidium iodide for 8-10 s. Next, the blastocysts were transferred to 500 ml cooled 100% ethanol supplemented with 25 mg/ml bisbenzimide (Hoechst 33258) and stored overnight at 48C. The next day, blastocysts were mounted on glass slides in glycerol and covered with a cover slip. ICM and TE cell numbers were counted under a fluorescent microscope.
Mouse embryo transfer and post-implantation development
Female CD1 mice aged 8 -14 weeks old were used as recipient mothers. The night before embryo transfer, they were mated with vasectomized CD1 males to obtain pseudo-pregnant foster mothers. The following morning, experimental (wobbler) and control (wild type) embryos were transferred at the 2-cell stage into the oviduct of each recipient female showing a vaginal plug. Each time, eight embryos were transferred unilaterally into the left oviduct. The number of pregnant mice and the number of live offspring at birth per pregnant recipient were recorded for every experimental group. Starting the first week after birth, pups were weighed weekly until the eight week of age. Pups were weaned after the third week, and females and males were put separately. At 10 weeks of age, couples were formed by putting male and female offspring with fertile controls (B6D2F1 female and male respectively) to assess their fertility.
Statistical analysis
Proportions (amount of oocytes with calcium response, pre-and postimplantation development) were compared by a contingency 
Results

Calcium oscillation pattern analysis
Calcium oscillation pattern analysis following ICSI using wobbler sperm revealed that 9.3% of the injected MII B6D2F1 oocytes showed calcium rises, whereas 96% of the oocytes injected with WT sperm showed a highly oscillatory calcium pattern (P , 0.001, Table 1 ). The absolute number of calcium rises was significantly lower in the oocytes injected with wobbler sperm (2.2 rises, range 1-3) when compared with the number of observed calcium rises after ICSI using WT sperm (31 rises, range 13 -60) (P , 0.001, Table 1 ). Also, the morphology of the calcium rises observed after injection of wobbler sperm differed strongly from the morphology of the calcium rises seen after ICSI using WT sperm (Fig. 2) . On average, the calcium rises provoked by wobbler sperm had a longer duration and smaller amplitude when compared with the rises seen after WT ICSI. No calcium rises were observed following sham injection (n ¼ 10) or during measuring of non-injected oocytes (n ¼ 10).
Fertilization following ICSI and subsequent in-vitro embryo development
Following injection of wobbler sperm heads, 11.4% of the oocytes were activated and cleaved to the 2-cell stage within 24 h following ICSI that resulted in a blastocyst rate of 50%. In contrast, ICSI using WT sperm resulted in a significantly higher fertilization rate (92.1%, P , 0.001), although this did not lead to a significantly higher blastocyst rate (68.6%) ( Table 2) . Next, wobbler ICSI was combined with three artificial oocyte activation (AOA) methods: (i) strontium chloride exposure (Wob-Sr), (ii) electrical pulses (Wob-E) and (iii) ionomycin exposure (Wob-I). The activation rates in all three groups were significantly higher when compared with wobbler ICSI without artificial activation (P , 0.001). Within the different artificial activation groups, the activation rates were higher in Wob-Sr and Wob-E groups (99 and 99%) when compared with the Wob-I group (81%), although not significant. The same was true for the blastocyst formation rate that was higher in the Wob-Sr group (80%) when compared with Wob-E (67%) and Wob-I (64%) groups. Differential staining of blastocysts showed that the ICM cell number and the ICM/TE ratio were significantly different between the study groups (P ¼ 0.013 and P ¼ 0.016, respectively) ( Table 2) . Post-hoc comparisons indicated that the mean number of ICM cells and the ICM/TE ratio were significantly lower in the WT group compared with the Wob-Sr and Wob-E groups. The TE cell number did not differ significantly between the study groups (P ¼ 0.055).
Post-implantation development following AOA
The post-implantation development of embryos obtained via wobbler ICSI combined with the three different activating agents was compared with the post-implantation development of WT embryos created without AOA (Table 3 ). The rate of recipients that carried to term and delivered pups was the highest in the Wob-Sr group (88.9%), followed by the Wob-E and the WT groups (80 and 70%, respectively). Although the number of recipients that carried to term was lower in the Wob-I group (40%), this did not significantly differ from the other groups. The newborn rate per pregnant recipient and the mean litter sizes were similar for all study groups. The pups born following artificial activation did not show any abnormalities at birth or during early development. Their weight was measured weekly up to 8 weeks of age. No weight differences were found between male pups originating from the different artificial activating groups when compared with the WT group. The weight of the female pups originating from Wob-Sr embryos was significantly lower at 2, 3 and 4 weeks of age when compared with the female pups originating from WT embryos (P , 0.05, P , 0.01 and P , 0.05, respectively), but this difference was not observed at later time points, nor in the other artificial activating groups (Fig. 3) . At 10 weeks of age, the offspring were mated to fertile B6D2F1 controls. Regardless of the artificial activation agent used, the mice born following artificial activation (both female and male) mated successfully with healthy offspring born.
Discussion
Failed fertilization following conventional ICSI can be successfully overcome by several artificial activating stimuli. Because these stimuli do not mimic precisely the physiological process of fertilization, some concerns exist about their use in human ART. Also, the results of several reports on AOA in human ART differ in terms of fertilization and pregnancy rates that can be due to patient characteristics, but most probably are related to the AOA method of choice. A direct comparison of the efficiency and safety of different artificial activating agents has not been performed yet. Therefore, the comparison of the most commonly used activating stimuli for human ART is highly relevant. Because total fertilization failure following ICSI is a rare event in human ART, and thus patients are too scarce to set up a randomized controlled trial, we used a mouse model to compare different activating agents. We chose the wobbler mouse, a mouse model possessing activation-deficient sperm that had been used before to study failed fertilization after ICSI and ionomycin as an AOA agent (Heytens et al., 2010) . We showed that the low frequency of the observed calcium rises and the extremely low activation rate make the wobbler mouse a highly suitable model for comparing different activating agents. All three activating agents tested were effective, but the use of strontium chloride and electrical pulses was more effective to restore fertilization rates and supports embryonic development when compared with the use of ionomycin. No negative effects on the outcome were found, and normal developing and fertile pups were born following all three types of AOA.
In this study, a minority of oocytes showed only one to three calcium rises after injection of wobbler sperm heads. The few oocytes that did show calcium release following wobbler ICSI are similar to the amount of oocytes fertilized and cleaved following wobbler ICSI. This means that the one to three calcium rises seen following wobbler ICSI were apparently sufficient to activate them. Moreover, once cleavage was obtained, 50% of the 2-cell embryos developed into blastocysts. The latter supports the notion that the oocyte has the capacity to sum up the physiological effects caused by cytoplasmic calcium changes during the period of egg activation and that oocyte activation occurs when the summation of calcium stimuli reaches a sufficient threshold . Although extrapolation to human should be done with caution, it is interestingly to note here that the technique of AOA applied in our ART setting also provokes three calcium spikes that are sufficient to establish full term pregnancies. A first spike is provoked by the injection of calcium chloride into the oocyte together with the sperm. Next, the oocyte is exposed twice to a calcium ionophore that provokes a second and third calcium spike (Rybouchkin et al., 1997; Heindryckx et al., 2008) . Thus, in our setting, these three calcium spikes seem to be sufficient for successful human oocyte activation and further development because restoration of fertilization and pregnancy rates have technique (Heindryckx et al., 2005; Heindryckx et al., 2008; Vanden Meerschaut et al., 2012) . In the mouse and the rabbit, it has been shown that a distinct pattern of calcium oscillations is crucial for successful fertilization and embryo development (Ozil, 1998; Berridge et al., 2000; Ducibella et al., 2002; Ozil et al., 2006) . It has also been proposed that mouse oocyte activation is the result of the summation of the calcium signals when the total dose of calcium reaches above a minimum threshold . However, it remains unclear whether a distinct pattern of calcium oscillations in human embryo development is as crucial when compared with other mammalian species. Because calcium pattern analysis is an invasive technique, it is impossible to measure calcium in the same oocyte that is later assessed for embryo development or even transferred into the uterus. An efficient alternative was proposed by Ajduk et al. (2011) . Based on particle image velocimetry (PIV) on mouse oocytes, a relationship was shown between cytoplasmic movements and the early events of oocyte activation, in particular calcium oscillations. Furthermore, this non-invasive method showed to be useful in predicting the viability of oocytes fertilized in vitro and further pre-and post-implantation embryo development. Recently, Swann et al. (2012) have shown on failed fertilized human oocytes that PIV can also be applied in human oocytes to monitor the pattern of calcium oscillations during activation. Whether PIV is feasible in a clinical setting has not been investigated yet.
Next to calcium oscillatory pattern analysis, preimplantation development was followed up until the blastocyst stage. The quality of the mouse blastocysts was evaluated by differential staining that enabled us to calculate the number of cells in the ICM and TE. Van Soom et al. (2001) showed that the process of embryonic differentiation into ICM and TE is crucial for an embryo to obtain implantation and normal further development. The ICM/TE ratio was significantly lower in the WT blastocysts when compared with the blastocysts obtained following wobbler ICSI plus artificial activation using strontium chloride and electrical pulses. However, this seemed not to have a major impact on the post-implantation development of the WT embryos because a similar amount of pregnant mice and offspring were born following the transfer of WT embryos when compared with the other groups. Thus, despite the lower ICM/TE ratio seen in the WT embryos, the amount of ICM cells was apparently sufficient to sustain further fetal development.
Although an aberrant calcium oscillatory pattern does not seem to affect development to the blastocyst stage in this wobbler model, premature termination of calcium signaling could result in blastocysts whose ability to implant is compromised . Therefore, post-implantation experiments in the wobbler model were performed. Healthy, normal developing pups were born in all the artificial activation groups and offspring mated successfully with fertile controls. The trend in favor of strontium chloride and electrical pulses is not very surprising. It has been shown that the use of strontium chloride in mouse oocytes induces repetitive intracellular calcium releases in a fashion similar to those following normal fertilization by spermatozoa (Kline and Kline, 1992; Bos-Mikich et al., 1995) . Also, Versieren et al. (2010) showed that development to the blastocyst stage was significantly increased using electrical activation for parthenogenetic activation of mouse oocytes.
The use of strontium chloride, electrical pulses and ionophores in human ART is still considered experimental because of the limited knowledge regarding their potential cytotoxic, teratogenic and mutagenic effects on embryos and offspring. No long-term follow-up studies of children born after AOA using ionomycin are yet available. In contrast, in mice models, results are encouraging with no adverse effects of ionomycin on in-vitro or in-vivo mouse embryo development (Heytens et al., 2008) . To increase the efficiency and overcome safety issues of AOA in human ART patients, human PLCz cRNA injection or recombinant human PLCz protein might offer an alternative because it is considered to be a more physiological stimulus than any other artificial activating agents. It has been shown that recombinant human PLCz protein can rescue failed activation in mouse oocytes that express dysfunctional PLCz and in human failed fertilized oocytes and that this intervention might lead to blastocyst formation (Nomikos et al., 2013; Yoon et al., 2012) . However, post-implantation development following the use of recombinant human PLCz protein has not been assessed yet, and the production of active recombinant human PLCz protein in a purified form suitable for clinical use remains an important issue. Therefore, the use of recombinant human PLCz protein in a clinical setting is not investigated yet and should still be considered with caution. The aim of our study was to compare artificial activating Figure 3 Post-natal growth of the pups. Post-natal growth of male (A) and female (B) pups during the first 8 weeks after birth obtained following ICSI using WT sperm (blue) or wobbler sperm combined with strontium chloride (Wob-Sr, red), ionomycin (Wob-I, gray) or electrical pulses (Wob-E, green). Data are mean + SEM. X-axis: time in weeks; Y-axis: weight in g. *, The weight of the female pups originating from Wob-Sr embryos was significantly lower at 2, 3 and 4 weeks of age when compared with the female pups originating from WT embryos.
agents currently used in human ART; therefore, we did not include the recombinant human PLCz protein as an activating agent in this study. Nevertheless, the recent development of this recombinant protein mandates further research in the field of assisted oocyte activation because it is probably the most physiologic therapeutic agent for overcoming ICSI fertilization failure.
By calcium pattern analysis, we have confirmed that the wobbler mouse is an excellent model to study failed fertilization due to a sperm deficiency. Moreover, this model resembles human globozoospermia that is a rare, but severe form of teratozoospermia leading to ICSI fertilization failure. We studied the efficiency and safety of the most commonly used artificial activating agents in human ART and no major differences were found. However, results in the wobbler mouse model were in favor of the use of strontium chloride and electrical pulses rather than ionomycin. Therefore, we propose the use of strontium chloride or electrical pulses for mouse AOA that has numerous applications such as in regenerative medicine research for the generation of parthenotes that may facilitate stem cell derivation and differentiation. Regarding human AOA, we should bear in mind that the direct extrapolation of these results to a subfertile human population should not be performed without caution. Also, ionomycin is currently the most widely used artificial oocyte activating agent in human ART. Overall, our results might be reassuring for the use of artificial activating agents, such as ionomycin, in human ART. However, long-term follow-up of children born following AOA remains mandatory.
